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ABSTRACT

Natural killer (NK) cells are a population of lymphocytes vital for the innate
immune response. These cells protect the host during the early phase of infection before
the adaptive immune response is effective. NK cells are direct effectors via cytoxicity
towards neoplastic and infected cells. Additionally, they modulate the immune response
by the production of cytokines, most notably interferon y and tumor necrosis factor o.
Furthermore, NK cell receptors do not undergo rearrangement. Repetoires of activating
and inhibitory receptors regulate the functions of NK cells via a balance of signaling. NK
cell receptors can broadly be divided by their ligand specificity as well. Most of the
known receptors recognize MHC class I molecules and transduce inhibitory signals. This
is the basis for the missing self hypothesis espoused by Karre and colleagues. The Ly49
molecules server this function in the mouse and are related to the C-type lectins. In
primates, a family of killer inhibitory receptors (KIR) appear to play the same role and
are in the immunoglobulin (Ig) superfamily of receptors. Whether humans expressed the
Ly49 receptors was a fundamental question in NK cell biology. In my attempt to address
this issue, I isolated two receptors related the C-type lectin receptors and localized to the
human NK gene complex on chromosome 12 in a region syntenic to where the murine
Ly49 genes reside. Functional characterization of these receptors will facilitate our

understanding of NK cell biology.



Additional activating receptors include the members of the CD2 subset of the
immunoglobulin superfamily molecules expressed on NK cells and other leukocytes,
including murine 2B4. 2B4 is the high affinity ligand for CD48. Engagement of 2B4 on
NK cell surfaces with specific antibodies or CD48 can trigger cell mediated cytotoxicity,
IFN-y secretion, phosphoinositol turnover and NK cell invasiveness. This work describes
the isolation and characterization of the human homologue of the 2B4 receptor. The
putative peptide has a type I structure with one transmembrane domain. The extracellular
region is comprised of two immunoglobulin like domains with six putative N-linked
glycosylation sites. The cytoplasmic domain of 2B4 contains unique tyrosine motifs
(TxYxxV/I) that associate with src homology 2 domain containing protein (SH2D1A) or
signaling lymphocyte activation molecule (SLAM)-associated protein (SAP), whose
mutation is the underlying genetic defect in the X-linked lymphoproliferative disease
(XLPD). Impaired signaling via 2B4 and SLAM is implicated in the
immunopathogenesis of XLPD. CS1 is a novel member of the CD2 subset that contains
two of the unique tyrosine motifs present in 2B4 and SLAM. Signaling through 2B4, CS1
and other members of the CD2 subset may play a major role in the regulation of NK cells

and other leukocyte functions.
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CHAPTER 1
INTRODUCTION

Lymphocytes include T cells, B cells, and natural killer (NK) cells. Cytotoxic
lymphocytes play an important role in destroying damaged and infected cells. The three
classes of cytotoxic lymphocytes are aff cytotoxic T lymphocytes (o8 CTL), Y8 T cells,
and NK cells. These cells function through the expression of the Fas ligand and release of
cytolytic granules. The granules contain perforin and the granzyme family of serine
proteases. Additionally, cytolytic lymphocytes play an important role in the innate
immune response by releasing cytokines. Most notably, interferon y (IFN-y) and tumor
necrosis factor o (TNF-a) are pivotal in host defense and survival during the early
phases of infection. Cytokines regulate immune function by enhancing antigen
prcsentétion,, increasing the expression of stimulatory ligands, and by induging
chemotaxis.

NK cells are a population of lymphocytes that play an important role in the innate
immune response to certain viruses, bacteria, and parasites (Biron et al., 1999; Scott and
Trinchieri, 1995; Unanue, 1997). In humans, NK cells represent 5-20% of lymphocytes
circulating in the blood and about 5% of splenic lymphocytes. Alternatively, they are
rarely observed in normal lymphatic tissue (Trinchieri, 1989). Human NK cells can be
differentiated from other lymphocytes by the expression of CD56 and a lack of CD3.

Additionally, they express CD16, the low affinity IgG receptor that allows NK cells to



mediate antibody dependent cellular cytotoxicity (ADCC) (Lanier et al., 1986; Lanier et
al., 1983; Perussia et al., 1983). In addition to cellular cytotoxicity, NK cells secrete a
variety of cytokines and chemokines. These include IFN-y, TNF-q, lymphotoxin, IL-3,
GM-CSF, IL-5, IL-13, IL-10, IL-8, MIP-1a,, MIP1f, lymphotactin, and RANTES (Biron
et al., 1999).

The functional relevance of NK cells has demonstrated in a NK cell deficient
patient reported in 1989 by Biron et al. (Biron, Byron and Sullivan, 1989). The patient
suffered severe, life-threatening infections with the y herpes viruses, varicella and
cytomegalovirus (CMYV), but was able to normally control influenza. Other patients
lacking NK cells have subsequently been discovered and all have difficulty controlling
certain viral infections (Ballas et al., 1990; Joncas et al., 1989). A critical role for NK
cells in defense against herpes viruses has been supported by experiment studies in mice
lacking NK cells. These animals are unable to control replication of murine
cytomegalovirus (Bukowski et al., 1985; Welsh et al., 1991). Furthermore, the natural
susceptibility of certain strains of mice to cytomegalovirus infection has been mapped to
chromosome 6 in a region termed the NK gene complex due the presence of many NK
cell receptor genes (Forbes et al., 1997; Scalzo et al., 1990; Scalzo et al., 1992).
Additionally, in experimental models of infection, NK cells have been implicated in
resistance against Listeria monocytogenes (Bancroft et al., 1987; Unanue, 1997; Wherry,
Schreiber and Unanue, 1991), malaria (Doolan and Hoffman, 1999), Toxoplasma gondii

(Denkers et al., 1993; Sher et al., 1993), and Leishmania (Laskay, Rollinghoff and



Solbach, 1993). The ability of NK cells to produce IFN-y rapidly after infection has been
shown to be the protective agent in many of these disease models.

NK cells are distinct from T and B cells in that they do not require RAG genes or
a thymus to develop (Spits, Lanier and Phillips, 1995). Regardless, they exhibit a clear
capacity to recognize target cells. In the case of tumor cell targets, sensitivity to NK cells
was correlated in many instances with decreased levels of MHC expression (Ljunggren
and Karre, 1985). NK cells are also able to reject bone marrow grafts, especially in
scenarios where the donor graft lacks MHC molecules of the host (Bennett, 1987). These
observations led to the formulation of the “missing self” hypothesis by Kirre and
colleagues (Karre et al., 1986). It asserts that NK cells ignore potential targets expressing
normal levels of autologous class I molecules and attack cells that do not (Figure 1). The
missing self hypothesis was sufficient t§ explain NK cell function in vivo, as neoplastic
and infected cells often down regulate or lose class I surface expression (Garrido et al.,
1997; Tortorella et al., 2000). The molecular mechanism for the recognitior; of missing
self was established when several MHC class I specific receptors were discovered that
inhibit NK cell function. It is now apparent that missing self recognition is only one of
several types of NK cell target recognition. Stimulatory receptors on NK cells have been
identified with ligand specificities for molecules upregulated on tumor cells and stressed
cells, and others apparently specific for ligands on normal cells. This variety of
recognition systems can function in a model in which NK cells signaling is regulated by
the balance of signaling via stimulatory receptors, specific for diverse ligands, and

inhibitory receptors, specific for MHC class I molecules.



NK receptors are often arranged in gene clusters due to gene duplication. These
families include members that are either activating or inhibitory. These signaling
differences arise from variance within the transmembrane and cytoplasmic domains. NK
cell receptors belong to either of two superfamilies, the immunoglobulin (Ig) or C-type
lectins (Figure 2). Membership in a family is determined by homology. Ig superfamily
members contain at least one domain homologous to the constant region of
immunoglobulins. The C-type CRD (carbohydrate recognition domain) is the common
feature among Ca™-dependent animal lectins and structurally related proteins. A subset of
the C-type lectin family found on NK cells contains domains homologous to other C-type
lectin domains, but whether they mediate interactions through carbohydrate or protein

binding remains unresolved (Weis, Taylor and Drickamer, 1998).



Figure 1. Diagram depicting the missing self hypothesis. In the presence of
activating receptor stimulation, a lack of inhibitory receptor signaling leads to target cell

lysis.
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Figure 2. Representatives of the C-type lectin superfamily and immunoglobulin
superfamily, receptors expressed on natural killer cells. CRD represents the conserved
carbohydrate recognition domain of the C-type lectins. V and C2 represent domains
homologous to respective immunoglobulin domains conserved in the immunoglobulin

superfamily.
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The first inhibitory MHC-specific receptors to be discovered were the Ly49
receptors in rodents (Karlhofer, Ribaudo and Yokoyama, 1992), which bind directly to
classical MHC class I molecules (Hanke et al., 1999; Michaelsson et al., 2000; Tormo et
al., 1999). More than 12 different Ly49 receptors were identified in mice, though just 8 of
these are of the inhibitory type (Smith, Karlhofer and Yokoyama, 1994; Wong et al.,
1991a). The second family discovered was the killer cell immunoglobulin-like receptors
(KIR) family, which appears to be functional in primates but not rodents, and which also
bind directly to class I molecules (Boyington et al., 2000; Long et al., 1997). The third
family is functional in both primates and rodents, and it consists of CD94/NKG2
heterodimers (Carretero et al., 1997; Lazetic et al., 1996; Lopez-Botet et al., 1998).
Several NKG2 isoforms can pair with the CD94 receptor; only CD94/NKG2A is known
to be inhibitory. CD94/NKG2 receptors‘ monitor class I molecules indirectly by
specifically recognizing peptides processed from the leader sequences of class 1
molecules, bound into the groove of a non-classical class I molecule, Qa-1 i;l mice
(Vance et al., 1998) or HLA-E in humans (Borrego et al., 1998; Braud et al., 1998; Lee et
al., 1998). Direct and indirect recognition of class I molecules may serve compensatory
roles in inhibiting NK cells.

All three of the families of inhibitory receptors signal through motifs in their
cytoplasmic domains, called immunoreceptor tyrosine-based inhibitory motifs (ITIM)
with the consensus sequence of V/IxYxxL/V (Burshtyn et al., 1997). Upoh receptor
engagement, ITIM are tyrosine-phosphorylated and recruit protein tyrosine phosphatases

such as SHP-1 and possibly SHP-2 (Burshtyn et al., 1996; Campbell et al., 1996; Vely et



al., 1997). Since inhibition is apparent at early activation steps such as calcium
mobilization (Leibson, 1997), the phosphatases probably interfere early in NK cell
stimulation.

A syntenic region within the genome of both mice and men is termed the NK gene
complex. It is on chromosome 6 in the mouse and 12 in the human. NK cell receptors
with lectin-like domains are encoded in the NK gene complex and some receptors such as
NKPR1, CD94, and the NKG2s are common to both mice and men (Brown et al. 1997,
Yabe et al. 1993; Yokoyama and Seaman 1993). A fundamental question in the NK cell
receptor field was whether Ly49 molecules expressed in mice would have homologues in
the human immune system. Some labs approached the question facilitated by knowledge
of the NK cell gene complex in the mouse and the relative positions of the Ly49 genes.
This strategy yielded the identification 6f only a single non-functional Ly49-like gene in
the human (30, 31). Alternatively, I attempted to isolate Ly49 homologues by homology
at the RNA transcript level. As chapter 2 illustrates, I initially screened a cD\NA library
from NK cells with a probe generated from the Ly49C receptor. No likely candidates
were observed so I utilized the EST (expressed sequence tagged) database at the National
Center for Biotechnology Information (NCBI). I selected several potential receptor
sequences that demonstrated homology to the Ly49 receptors and isolated three
transcripts. The transcripts are bona fide receptors, but their function and relation to the
Ly49s remains in question.

For many years, the characterization of stimulatory receptors on NK cells lagged

behind that of inhibitory NK receptors. The possibility was suggested that adhesion
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molecules alone, such as LFA-1, might be responsible for the required NK cell activation
signal (Lanier, Corliss and Phillips, 1997). However, subsequent evidence suggests
several stimulatory receptors in NK cell target recognition. Activating receptors on NK
cells can be broadly divided into those that recognize MHC class I like ligands and those
that do not. Examples of receptors ligands in the latter include the NKG2D receptor’s
ligands MICA/B, Rael, and H60 (Bauer et al., 1999; Cerwenka et al., 2000; Diefenbach
et al., 2000). ADCC is mediated when CD16, an FcR recognizes cell bound IgG. Lastly,
CDA48 is the high affinity ligand for 2B4 (Brown et al., 1998; Latchman, McKay and
Reiser, 1998). Interestingly, if interactions between MHC molecules and receptors on NK
cells are prevented, NK cells will attack normal autologous lymphoblasts (Ciccone et al.,
1994; Hoglund et al., 1991; Liao et al., 1991), a fact suggesting that some stimulatory
receptors on NK cells react with non-l\/lﬁC ligands expressed by normal cells. Candidate
receptors for such reactions include NKp30, NKp44, and NKp46 receptors, as well as the
NK1.1 antigen (NKR-P1C) (Moretta et al., 2001). Additionally, MHC class\I specific
stimulatory receptors are found within each of the three families of class I specific
receptors. The KIR contain the stimulatory KIR2DS and KIR3DS, the NKG2 family
contains the stimulatory NKG2C and NKG2E receptors (Vance, Jamieson and Raulet,
1999), and the Ly49 family contains stimulatory Ly49D and Ly49H receptors (Mason et
al., 1996; Smith et al., 1998). Expression of these stimulatory receptors overlaps with
expression of class I specific inhibitory receptors. A beneficial consequence of this
expression pattern is that a target cell that has lost an inhibitory class I allele while

retaining a stimulatory class I allele would become highly sensitive to attack.
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NK cell stimulatory receptors generally associate with small transmembrane
adapter proteins that transmit activation signals, including KARAP/DAP12 (Lanier et al.,
1998; Olcese et al., 1997), CD3{ , FceRIly (Wirthmueller et al., 1992), and
DAP10/KAP10 (Chang et al., 1999; Wu et al., 1999). It is thought that each of these
adapters is expressed by all NK cells but associates only with a distinct subset of the
stimulatory receptors. These adapters contain an immunoreceptor tyrosine-based
activation motif (ITAM) and consequently transduces stimulatory signals via association
with Src family kinases (Gaul et al., 2000; Visco et al., 2000). The consensus sequence
for the ITAM is I/'VxYxxL/Vx,,, I/'VxYxxL/V (Tomlinson, Lin and Weiss, 2000; Weiss
and Littman, 1994). NK cells from mice or humans with mutations in one of these genes,
KARAP/DAP12, exhibit only a subtle phenotype and can still attack most NK target cells
(Bakker et al., 2000a; Tomasello et al., éOOOc). These data confirm the idea that NK cell
activation is multifactorial and does not rely on a single signaling adapter.

Members of the CD2 subset of receptors play a major role in lymphocyte
functions, do not recognize MHC molecules, and have not been shown to interact with
ITAM containing adaptor molecules. Signaling lymphocyte activation molecule, SLAM
(CD150), a member of the CD2 subset, is expressed on T cells and B cells and regulates
T cell activation and production of Ig by B cells (Cocks et al., 1995; Sidorenko and Clark,
1993). 2B4 (CD244) is expressed on NK cells and other leukocytes (Mathew et al.,
1993). It was originally identified as an activation receptor on mouse NK cells and T cells
that are involved in non-MHC-restricted killing (Garni-Wagner et al., 1993; Mathew et

al., 1993). Identification of CD48 as the high affinity ligand of 2B4 implicated a broader
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role of 2B4 in immune regulation (Brown et al., 1998; Latchman, McKay and Reiser,
1998). Isolation of human 2B4 has allowed exploration of the role of 2B4 in human
immune disease (Boles et al., 1999b; Tangye et al., 1999). Recently, a wealth of
information has emerged from several laboratories on the various functional roles of 2B4
in immune regulation. In X-linked lymphoproliferative disease, NK cells cannot be
activated via surface 2B4 (Benoit et al., 2000; Nakajima et al., 2000; Parolini et al., 2000;
Tangye et al., 2000). The molecular adaptor protein, SAP/SH2D1A (SLAM-associated
protein or SH2 domain containing adaptor molecule) associates with the cytoplasmic tail
of 2B4 and SLAM (Sayos et al., 2000; Tangye et al., 1999). Defective signaling via 2B4
and SLAM may contribute to the pathogenesis of X-linked lymphoproliferative discase
due to mutations in SAP. 2B4 contains four novel tyrosine motifs (TxYxxV/I) in the
cytoplasmic domain (Boles et al., 19995; Mathew et al., 1993). A close relative of 2B4,
SLAM, also contains these novel tyrosine motifs. The signaling mechanism of 2B4 is still
unclear. |

Chapter 3 describes the cloning and initial characterization of the human 2B4
receptor. More recently, I identified another member of the CD2 subset, CS1 that may
regulate NK cell function as described in chapter 4. The presence of two of the unique
tyrosine motifs in the cytoplasmic domain of CS1 suggests that it may associate with SAP
and thus regulate immune responses. 2B4 and CS1 genes are localized to human
chromosome 1 along with other members of the CD2 subset. In chapter 5 I describe the
structural and functional aspects of 2B4 and CS1 in light of the role of other members of

CD2 subset in immune regulation.
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CHAPTER 2
IDENTIFICATION OF NOVEL C-TYPE LECTIN

RECEPTORS ON HUMAN NK CELLS

Introduction

NK cell receptors with lectin-like domains are encoded in the NK gene complex
on chromosome 6 in the mouse and 12 in the human (Brown et al., 1997; Yabe et al.,
1993; Yokoyama and Seaman, 1993). The majority of NK cell receptors encoded by the
NK gene complex belong to groups of highly related genes such as the NKR-P1, Ly-49,
and NKG2 families. The Ly-49 and NKG2 families contain members that are mostly
inhibitory, but have a few members that transduce activation signals (Lanier, 1998a; Long
and Wagtmann, 1997; Yokoyama and Seaman, 1993). The NKR-P1 receptors have been
observed to act as activating receptors in rodents. Cross-linking of the human NKR-P1
homologue with antibody leads to inconsistent results (Lanier, Chang and Phillips, 1994,
Poggi et al., 1996) suggesting the possibility of isoforms that have not been isolated as of
yet (Lanier, 1998a). CD94 is a type II receptor expressed on most NK cells and was
originally implicated as an inhibitory receptor (Chang et al., 1995; Long and Wagtmann,
1997). Subsequently, it was discovered to form a hetero-dimer with members of the
NKG?2 family (Lazetic et al., 1996).

CD69 and AICL (activation induced C-type lectin) are two structurally similar

receptors localized to the NK gene complex, but have interesting differences to the other
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genes located there. As opposed to the other type II receptors in the NK gene complex,
which are restricted to NK cells and a subset of T cells, CD69 and AICL are expressed in
most cells of hematopoietic origin (Hamann et al., 1997; Lanier, 1998b; Long and
Wagtmann, 1997; Testi et al., 1994). The function of AICL is not known, but CD69
cross-linking leads to the activation of NK cells, T cells, B cells, monocytes,
granulocytes, and platelets (Testi et al., 1994). Additionally, these genes appear to have
single rather than multiple isoforms.

My goal in isolating new lectin-like receptors was two-fold. First I sought to
generally characterize the mechanism by which NK cells recognize their targets by
isolating any potential signal transduction molecules. Secondly, I attempted to isolate any
Ly49 homologues that might be expressed in the human as opposed to the murine system.
Screening a cDNA library with the Ly49C c¢DNA was unsuccessful and I have omitted
the results from this dissertation. Alternatively, I searched the EST database and was able

to generate several potential candidates for NK cell receptors with lectin-like homology.

Methods
EST database search and cDNA library screening
The EST (expressed sequence tag) database at NCBI
(http://www.ncbi.nlm.nih.gov) was searched with the TblastN program versus a
consensus sequence of human (CD69, CD94, and NKG2s) and mouse (Ly-49s) C-type
lectin receptors (Boguski, 1995; Boguski, Lowe and Tolstoshev, 1993). Several

overlapping clones were identified and PCR primers were designed to amplify a fragment
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within the C-type lectin domains of candidate transcripts (Table 1). cDNA from a NK cell
library constructed in A phage by Dr. J. Houchins (R & D Systems, Minneapolis, MN and
kindly provided by Dr. A. Brooks, NIH, Bethesda, MD) was successfully used as
template. PCR cycle conditions were 94° C for 30 seconds, 50° C annealing temperature
for 30 seconds, and a 72° C extension for 45 seconds repeated for 30 cycles using Tag
DNA polymerase from GIBCO BRL (Grand Island, NY) at 2 mM MgCl,. The same
library was then screened with the resulting PCR fragments. Each was labeled with o-"P
dCTP (Feinberg and Vogelstein, 1983; Sambrook, Fritch and Maniatis, 1989).
Approximately, 5x10° clones were screened per candidate. After three rounds of
screening, phage DNA was isolated from positive clones by the method of Lee et al. (Lee
and Clark, 1997b). All positively selected clones were sequenced (Automated sequencing
facility, Department of Pathology, UT Southwcstem Medical Center, Dallas) and
analyzed (Genetics Computer Group, Wisconsin package). Three clones which contained
open reading frames were identified for further study. The transcripts were n\amed LLTI1-
3 (lectin-like transcript 1-3) due to sequence similarity to other C-type lectin-like

receptors found on NK cells.
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Table 1. PCR primers used to amplify LLT and CD69 sequences.

name gene sequence (5°-3’) sense
YF1 LLTI GAGCTAACTGCCATCAAGAGCCATCAGTATGTC +
YR1 LLT1 AGAACCTAAGTAAGCTCCTTGAACACTTTGGAA -
RBC141 LLT1 TTCCTGTTGAGATATAAAGGC +
RBC136 LLT1 GGAACAAATCCACTTCCTCT -
EST1F1 LLT2 GCA CGA GGCTTT ACT CAC +
ESTIR1 LLT2 CTG AAA CTC CCA AGT CTA ACC -
RBC151 CD69 GGGTCTGACAAGTGTGTTTT +
RBCI130 CD69 TGCCACATCACATATTGCAC -
BactinF  Bactin TAC CAC TGG CAT CGT GAT GGA CT +
BactinR Pactin TCC TTC TGC ATC CTG TCG GCA AT -
Cell culture

Human tumor cell lines Jurkat (T cell), YT (NK cell), HL-60 (monocytic), and

DB (B cell), in addition to a murine lymphoma cell line (YAC-1), were cultured in RPMI

1640 supplemented with 10% FCS (Hyclone, Logan, UT), 2 mM L-glutamine, 100 U/ml

of penicillin and streptomycin, 1 mM sodium pyruvate, and 0.1 mM non-essential amino

acids (Gibco BRL, Grand Island, NY). A lymphokine activated killer cell (LAK) culture

was obtained by isolating peripheral blood mononuclear cells (PBMC) from 60 ml of

venous blood from a healthy donor by Ficol-Paque centrifugation (Pharmacia,

Piscataway, NJ). The cells were grown in the above media supplemented with 1000 U/
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ml of human rIL-2 for three days. The non-adherent cells were removed and the culture
was continued in 500 U / ml of human rIL-2 and conditioned media until day 10, when
RNA was extracted. All cell lines were grown to one million per ml and split 1:2 twenty-

four hours before RNA isolation.

RNA and DNA blot analysis

Total RNA was isolated with the RNAstat 60 reagent according to the
manufacturer’s protocol (Teltest Inc., Friendswood, TX), divided into 20 pg aliquots, and
stored in 70% EtOH at -80° C until used. 1% agarose gels for Northern analysis were
stained with Ethidium bromide after electrophoresis to insure equal loading by
comparison of rRNA. Northern blots were probed with 25 ng of the full length cDNA
labeled with P dCTP (Feinberg and Vogelstein, 1983; Sambrook, Fritch and Maniatis,
1989). The first blot (Figure 6A) consisted of 20 ug of total RNA from human monocytic,
T, B, and NK cell lines (HL-60, Jurkat, DB, and YT, respectively), a mouse cell line
(YAC-1), and LAK and PBMC cells from a healthy donor immobilized on Hybond nylon
(Amersham, Arlington Heights, IL). Prehybridization and hybridizations were performed
per the instructions of Amersham for the Hybond nylon membrane at 65° C. The second
membrane was purchased from Clontech (Palo Alto, CA) and contained mRNA samples
from human spleen, lymph node, thymus, peripheral blood leukocytes, bone marrow and
fetal liver (Human Immune System Multiple Tissue Northern Blot II). It was hybridized
per the manufacturer’s directions with the included ExpressHyb Hybridization solution at

65° C (Figure 6B). Blots were exposed to Hyperfilm (Amersham, Arlington Heights, IL).
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The membrane was subsequently stripped and reprobed for f actin to insure equal
loading.

Genomic DNA was isolated from human liver by a standard protocol (Sambrook,
Fritch and Maniatis, 1989). For DNA blot analysis, human genomic DNA samples (20 pg
each) were digested with various restriction enzymes (BamH I, EcoR I, Hind III, and Xba
I) and separated on 0.8% agarose gel by electrophoresis. The DNA was transferred to
Hybond nylon membrane under alkaline condition (0.4N NaOH) and fixed by UV cross
linking. The membrane was prehybridized for 2 hours at 65°C in hybridization buffer (1
mM EDTA, 0.5 M sodium phosphate, pH 7.2, 7% SDS, 100 mg/ml ssDNA). The probe
(50 ng of the full length LLT1 cDNA labeled with 0P dCTP) was added to the same
buffer and hybridizations continued for 18 hr at 65° C (Feinberg and Vogelstein, 1983;
Sambrook, Fritch and Maniatis, 1989). The membrane was washed with a buffer
containing 40 mM sodium phosphate, pH 7.2, 1% SDS at 65° C for 1 hr. The filter was
exposed to Hyperfilm for one day (Amersham, Arlington Heights, IL) and d;:veloped
(Figure 8A). Subsequently, the membrane was stripped by immersion in boiling 0.5%

SDS and reprobed with the LLT2 cDNA as above (Figure 8B).

RT-PCR analysis of transcript expression

Twenty pg of total RNA from each of the indicated cell lines was utilized in a 50
ul reverse transcription reaction. Superscript II was used per the manufacturer’s
directions (Invitrogen). Approximately, 200 ng of each cDNA sample was utilized in a

PCR reaction with the LLT2 specific primers indicated in Table 1. Each reaction was in a
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volume of 50 pl and utilized the RedTaq polymerase and buffer (Sigma). All of each
reaction was loaded on a 1% agarose gel and visualized by ethidium bromide staining
(Figure 7). Furthermore, similar reactions for f actin were performed to insure the

integrity of the cDNA.

Results

Isolation and sequence analysis of the LLT cDNA clones

The molecular basis of target cell recognition by NK cells is poorly understood.
Unlike T and B cells, NK cells do not rearrange DNA to generate diversity. Therefore,
one could predict that NK cells might express several receptors to recognize various
targets or utilize some other mechanism to generate diversity. In fact, over the last few
years a number of receptors have been idcntiﬁed on NK cells (Lanier, 1998b). However,
all the functions of NK cells could not be accounted by the known receptors. In order to
understand the mechanism by which NK cells recognize and kill target cells: I searched
the EST database with a consensus sequence of human (CD69, CD94, and NKG2s) and
mouse (Ly-49s) C-type receptors (Boguski, 1995; Boguski, Lowe and Tolstoshev, 1993).
Several overlapping clones were identified and PCR primers were designed and used in
PCR to yield a fragment within the C-type lectin domain. The primers used for PCR
amplifications are given in Table 1. We screened a human NK cell cDNA library with the
PCR fragment and a positive clone were selected for further analysis.

The first clone (LLT1) contained a cDNA insert of 950 bp with an open reading

frame predicting a polypeptide of 181 amino acid residues with a type II receptor
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structure (Genbank accession number AF133299). The predicted protein sequence had a
single transmembrane domain of 19 amino acid residues (Figure 3A and B) and an
intracellular domain of 30 amino acid residues. Additionally, it had an extracellular
lectin-like domain of 132 amino acid residues which contained two putative N-linked
glycosylation sites (Figure 3A).

Analysis of the sequences of LLT1 clones from another NK cell cDNA library
made from pooled NK cells (NKTRP, kindly provided by Dr. Brent Passer, NIH,
Bethesda, MD) revealed no differences indicating that the gene is not highly
polymorphic. Furthermore, sequence data available in the EST database did not show

variation beyond what was expected for single-pass sequences.
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Figure 3. Analysis of the cDNA sequence of LLT1. A) The nucleotide sequence
and predicted translation of LLT1. The transmembrane domain is underlined.
Glycosylation sites in the extracellular domain are boxed. B) Hydrophilicity plot of the
LLT1 putative peptide sequence determined by the Kyte-Doolittle method. This figure
was reproduced from Kent S.Boles, Roland Barten, Pappanaicken R. Kumaresan, John
Trowsdale, and Porunelloor A. Mathew. 1999. Cloning of a new lectin-like receptor

expressed on human NK cells. Immunogenetics 50: 1-7 with permission.
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The LLT?2 clone contained a cDNA insert of 1542 bp with an open reading frame
predicting a polypeptide of 242 amino acid residues with a type II receptor structure. The
predicted protein sequence had a single transmembrane domain of 31 amino acid residues
(Figure. 4A and B) and an intracellular domain of 12 amino acid residues. Additionally, it
had an extracellular lectin-like domain of 199 amino acid residues which contained two
putative N-linked glycosylation sites (Figure 4A). The predicted protein sequence of
LLT1 has an extracellular domain with homology to the C-type lectin-like domains
shared with other NK cell receptors (Weis, Taylor and Drickamer, 1998). It has the
highest similarities to AICL and CD69 of 59 and 56%, respectively (Hamann, Fiebig and
Strauss, 1993; Hamann et al., 1997; Lopez-Cabrera et al., 1993; Ziegler et al., 1993).
Additionally, representative homologies to other NK cell receptors belonging to the C-
type lectin superfamily are 53, 51, and 4‘1% to NKG2-D, CD94, and Ly-49D, respectively
(Chang et al., 1995; Houchins et al., 1991; Weis, Taylor and Drickamer, 1998; Wong et

al., 1991b). LLT2 had 55 and 47% similarity compared to LLT1 (Figure 5).
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Figure 4. Analysis of the cDNA sequence of LLT2. A) The nucleotide sequence
and predicted translation of LLT2. The transmembrane domain is underlined.
Glycosylation sites in the extracellular domain are boxed. B) Hydrophilicity plot of the
LLT?2 putative peptide sequence detennined by the Kyte-Doolittle method. This figure
was reproduced from Kent S. Boles, Roland Barten, Pappanaicken R. Kumaresan, John
Trowsdale, and Porunelloor A. Mathew. 1999. Cloning of a new lectin-like r\eceptor

expressed on human NK cells. Immunogenetics 50: 1-7 with permission.
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Figure 5. Alignment of amino acid sequences the LLT receptors and other c-type
lectin receptors. Conserved residues are shaded. Glycosylation sites in the extracellular
domain are boxed. Transmembrane domains are underlined. The amino acid comparison
was compiled by using the PILEUP program in the Genetics Computer Group software.
This figure was reproduced from Kent S. Boles, Roland Barten, Pappanaicken R.
Kumaresan, John Trowsdale, and Porunelloor A. Mathew. 1999. Cloning of a new lectin-

like receptor expressed on human NK cells. Immunogenetics 50: 1-7 with permission.
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Expression of LLT1 in different tissues and cells

The expression of LLT1 transcripts in various cell lines and different human
tissues was analyzed by Northern blotting of total RNA or poly(A)" RNA. The full length
c¢DNA hybridized to transcripts of approximately 5, 3.5, 2, and 0.9 kb in total RNA from
a human NK cell line (YT) and hybridized weakly to transcripts of similar sizes from
human T cell (Jurkat), B cell (DB), or monocytic (HL-60) tumor cell lines (Figure 6A).
Hybridization signals for the same size transcripts were strong in donor samples from a
LAK culture and PBMC except for the 900 bp transcript (Figure 6A). Tissue distribution
of LLT1 showed that human peripheral blood leukocytes, lymph node, thymus, and
spleen expressed transcripts of the same relative sizes as the YT cell line with the
exception of the 900 bp transcript (Figure 6B). No hybridizing transcripts were detected
in mRNA from fetal liver or bone marrow. LLT1 may be expressed only in the later

stages of NK cell differentiation, similar to Ly49 expression.

Expression of LLT2 in different tissues and cells

The expression of LLT2 transcripts in various cell lines was analyzed by RT-PCR
of total RNA. The LLT2 primers (Table 1) amplified a specific 350 bp band from a
human NK cell line (YT), B cell (DB), or monocytic (HL-60) tumor cell lines (Figure 7).
No PCR fragments were amplified in human T cell (Jurkat) or PBMC from a health
donor. Alternatively, cDNA from a LAK culture (same donor as the PBMC) contained

the transcript suggesting that LLT2 might be inducible.
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Figure 6. RNA blot analysis of LLT1 transcripts hybridized with 32P labeled, full
length LLT1 cDNA. A) Total RNA (20 pg) isolated from the YAC-1, HL-60, DB, Jurkat,
and YT tumor cell lines was electrophoresed in a formaldehyde agarose gel, blotted and
probed. Additionally, samples were included from the PBMC and a LAK culture from a
healthy donor. B) Northern blot of poly (A)+ RNA from spleen, lymph node, thymus,
peripheral blood leukocytes, bone marrow, and fetal liver tissues. Both membranes were
stripped and hybridized with a B-actin probe. The position of 28S and 18S rRNA and the
sizes of RNA molecular standards are shown at the left and right of panels A and B,
respectively. This figure was reproduced from Kent S. Boles, Roland Barten,.
Pappanaicken R. Kumaresan, John Trowsdale, and Porunelloor A. Mathew. 1999.
Cloning of a new lectin-like receptor expressed on human NK cells. Immunogenetics 50:

1-7 with permission.
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Figure 7. RT-PCR with LLT?2 specific primers. First strand cDNA was produced from 20
ug of total RNA from each sample. PCR was performed on approximately 50 ng of each

cDNA with either LLT2 specific primers or §§ actin primers.
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Southern analysis of human genomic DNA

Several lectin-like receptors expressed on NK cells belong to multigene families
(Lanier, 1998a; Long and Wagtmann, 1997; Weis, Taylor and Drickamer, 1998).
Southern blot analysis of human genomic DNA was carried out to explore this possibility
for LLT1. Genomic DNA was isolated from human liver and digested with four different
restriction enzymes (BamH I, EcoR I, Hind III, and Xba I), separated on an agarose gel
and transferred to a nylon membrane. The full length LLT1 cDNA hybridized to several
restriction fragments (Figure 8). The strongly hybridizing restriction fragments identified
in Figure 8 ranged from 22 to 35 kb for the different digestions in addition to several
weakly hybridizing bands. The membrane was stripped and reprobed with the LLT2

cDNA. A similar, but different pattern of hybridization was observed.

Chromosomal localization

Due to the sequence similarity of the LLT1 clone to AICL and CD69,\I expected that
LLTI might be localized in the NK gene complex on chromosome 12. Therefore, a PAC
library containing the NK gene complex was screened. Two PACs were isolated from the
human RCP1 library using a probe for LLT1. The inserts of PAC NKCP4 and NKCP5 were

sized on a pulsed field gel to 110 and 160 kb, respectively.
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Figure 8. Genomic DNA blot analysis of the LLTs. Aliquots of human genomic
DNA (20 pg) from liver were digested with the restriction enzymes BamH I, EcoR I,
Hind II1, and Xba I, electrophoresed in 0.8% agarose, blotted, and hybridized with a 32P
labeled, full length LLT1 or LLT2 cDNA. Sizes of DNA standards are shown at the left.
Portions of this figure was reproduced from Kent S. Boles, Roland Barten, Pappanaicken
R. Kumaresan, John Trowsdale, and Porunelloor A. Mathew. 1999. Cloning of a new
lectin-like receptor expressed on human NK cells. Immunogenetics 50: 1-7 with

permission.
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LLT1 is located in the human NK gene complex within 100 kb of the CD69 gene.
PCR products of approximately 0.9 kb (RBC150/RBC130) as expected for the CD69 gene
and 1.8 kb (RBC136/RBC141) for the LLTI gene were obtained with both PAC DNA'’s as
templates. The PCR products were sequenced. The LLT1 specific PCR product sequence
revealed amplification of an intron. The exon sequence showed 100% identity to the cDNA
of LLT1. The presence of intron sequence is consistent with this being the authentic LLT]
gene and not a processed pseudogene. Consistently, I observed in all the CD69 sequences
three nucleotide exchanges (out of 796 bp) in comparison with the published CD69 sequence
(Genbank accession number Z30428). This is most likely due to polymorphism in the
untranslated 3’ end of the gene.

The data herein concerning the LLT1 transcript was published in Immunogenetics
(Boles et al., 1999a). Polyclonal sera in rabbits and monoclonal antibodies are being

produced to further characterize the receptor.
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CHAPTER 3
CLONING AND CHARACTERIZATION OF THE HUMAN

HOMOLOGUE OF THE 2B4 RECEPTOR

Introduction

In order to identify cell surface receptors involved in the recognition and
activation of NK cells by farget cells, a panel of monoclonal antibodies against purified
NK cells was developed in the laboratory of Michael Bennet and Vinay Kumar. NK cells
from C57BL/6 mice were used to immunize 129 Sv/J mice (Sentman et al., 1989). One
antibody, previously designated, SW2B4 (mAb2B4) stained virtually all NK cells and
some T cells from C57BL/6 but not 129, BALB/c, DBA/2, or AKR/J mice (Garni-
Wagner et al., 1993). Furthermore, SW2B4 activated both cytolytic function and IFN-y
production of lymphokine (IL-2) activated killer (LAK) cells. Treatment of LAK cells
with SW2B4 mAD induced killing of a variety of tumor target cells (RMA, RMA-S and
P815 but not K562), and induced IFN-y production.

Splenic T cells cultured in high concentrations of IL-2 acquire the ability to kill

NK-sensitive tumor cells. When this population of T cells was sorted into 2B4" and 2B4’

cell populations, all of the YAC-1 (prototypic murine NK cell target) killing was found in

the 2B4" population. Treatment of these cells with anti-2B4 mAbD increased killing of

YAC-1 target cells. Additionally, murine dendritic epidermal T cells (DETC) are skin
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tissue resident yd T cells and express 2B4. Freshly isolated DETC express low levels of
2B4, but when cultured in IL-2, expression of 2B4 is greatly increased. The increased
2B4 expression is correlated with increased cytolytic activity against YAC-1 cells,
(Schuhmachers et al., 1995a). Further studies of 2B4 function on DETC (Schuhmachers
et al., 1995b) demonstrated that, as with LAK cells, culture of some DETC lines with
soluble SW2B4 mAD rapidly induced IFN-y production. In addition, plate-bound SW2B4
(but not soluble) mAb stimulated proliferation and IL-2 production with some DETC
lines. Additionally, co-stimulation by plate-bound SW2B4 mAb was observed when
DETC cells were sub-optimally stimulated with plate-bound anti-CD3 mAb, suggesting a
2B4 dependent co-stimulation signal.

The SW2B4 antibody was utilized to expression clone the cDNA for 2B4
(Mathew et al., 1993). Analysis reveals ihat the 2B4 receptor is a member of the Ig
superfamily. Furthermore, it belongs to the CD2 subfamily which also includes CD2,
CD48, CD58, CD84, CDw150 (SLAM), and Ly9. Both SLAM and 2B4 appear to
produce several splice variants from the same gene (Punnonen et al., 1997; Stepp et al.,
1999b). SLAM makes four different transcripts including a cytoplasmic, a soluble, and
two membrane forms. Interestingly, the difference in the membrane forms is due to
splicing within the cytoplasmic tail; this leads to the loss of the two distal of the four
tyrosine motifs in the longer form to produce the shorter form. The original 2B4 clone
reported contained four tyrosine motifs in the cytoplasmic tail. Recently, a short splice
variant was reported which is produced by alternative splicing of the 2B4 transcript

(Stepp et al., 1999b). The extracellular domains of murine short and long isoforms are
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identical while the shorter form is missing the two distal tyrosines at the C terminal.
Thus, the murine 2B4 follows the same splicing pattern as that seen in SLAM molecules.
When long and short 2B4 cDNA’s were expressed in a cytolytic rat NK tumor cell line
(RNK-16), they inhibited or stimulated lytic activity in redirected lysis assays,
respectively (Schatzle et al., 1999). Thus, it appears that the short and long isoforms of
2B4 have opposing functions.

Many NK cell receptors bind MHC class I molecules as their ligands (Lanier,
1998b; Long and Wagtmann, 1997). In contrast, CD2 subfamily members bind
homophilically to members of the CD2 subfamily. CD2 binds CD58 in the human and
CD48 in the rodent (Arulanandam et al., 1993; Kato et al., 1992; Sandrin et al., 1993; van
der Merwe et al., 1994; van der Merwe et al., 1993). Additionally, SLAM is a self ligand
leading to activation of lymphocytes (T and B cells) (Punnonen et al., 1997). Recently,
CD48 was observed to be the high affinity ligand for both murine and human 2B4
(Brown et al., 1998; Latchman, McKay and Reiser, 1998). CD48 is widely exi)ressed in
leukocytes and its soluble form is detectable in the blood (Smith et al., 1997). This is
especially provocative because CD48 gene knockout mice appear to have
immunodeficiencies whereas the CD2 knockout mice appear to be normal (Killeen, Stuart
and Littman, 1992).

The responsiveness of murine NK cells to 2B4 stimulation led me to isolate the
human homologue of the receptor. The possibility that it may mediate similar activation
of human NK cells yields potential for the use of NK cells in the treatment of various

diseases such as autoimmune disorders and the immunotherapy of cancer. The murine
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cDNA failed to hybridize to human RNA samples in northern analysis (Figure 9A).
Alternatively, it did hybridize to EcoR I digested mouse and human genomic DNA
fragments (Figure 9B). Therefore, I isolated a genomic fragment (Figure 10A and B)
which potentially contained some of the human 2B4 gene. Indeed, a putative coding
sequence had 70% homology with the murine cDNA and did hybridize to human RNA
samples (Figure 9C). I subsequently utilized the genomic fragment to isolate the cDNA
for the human 2B4 receptor. This chapter describes the cloning and initial

characterization of the receptor.
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Figure 9. Probe generation strategy for the cloning of the human 2B4 cDNA. A)
Northern blot of mouse and human total RNA versus a full length mouse cDNA for 2B4.
The mouse sample was from the CTLL-2 cell line, a murine T cell lymphoma. The
human sample was total RNA isolated from the peripheral blood mononuclear cells of a
healthy donor. B) Genomic Southern analysis of mouse and human DNA versus a full
length mouse cDNA for 2B4. C) Northern blot of mouse and human total RNA versus a
human genomic DNA fragment with homology to the cytoplasmic domain of murine

2B4.
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Figure 10. Human 2B4 genomic clone analysis. A) Clone H7A1A was digest with
various restriction endonucleases and separated on a 0.8% agarose gel with ethidium
bromide. B) The agarose gel was Southern blotted onto a nylon membrane and hybridized

to a full length cDNA probe from the mouse.
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Methods

Tissue culture

Human tumor cell lines Jurkat (T cell), K562 (erythroleukemia cell), YT (NK cell
line) and 721.221 (MHC class I deficient EBV-transformed B cell line) cells were
cultured in RPMI 1640 supplemented with 10% FCS (Hyclone, Logan, UT), 2 mM L-
glutamine, 100 U/ml of penicillin and streptomycin each, 1 mM sodium pyruvate, and 0.1
mM non-essential amino acids (GIBCO BRL, Grand Island, NY). A murine T cell line
(CTLL-2) was also maintained in the same media. A lymphokine activated killer cell
(LAK) culture was obtained by isolating mononuclear cells from 60 ml of venous blood
from a healthy donor with Ficol Paque (Pharmacia, Piscataway, NJ). The cells were
grown in the above media supplemented with 1000 U / ml of human rIL-2 for three days.
The non-adherent cells were removed and the culture was continued in 500 U / ml of
human rIL-2 and conditioned media until day 12, when RNA was extracted. P815 cells
(mouse mastocytoma cell) were grown in DMEM supplemented with 10% FCS. All cell
lines were grown to one million per ml and split 1:2 twenty-four hours before RNA

isolation.
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RNA and DNA blot analysis

Total RNA was isolated with the RNAstat 60 reagent according to the
manufacturer’s protocol (Teltest Inc., Friendswood, TX), divided into 20 pg aliquots, and
stored in 70% ethanol at -80° C until used. Northern blots were probed with 25 ng of the
full length cDNAs or the human genomic fragment labeled with o”P. The blots consisted
of 20 pg of total RNA from cell lines or donor samples immobilized on Hybond nylon
membrane (Amersham, Arlington Heights, IL). Prehybridization and hybridizations were
performed per the instructions of Amersham for the Hybond nylon membrane at 65° C.
Ethidium bromide staining of 28S and 18S RNA was done to verify that each lane
contained equal amounts of RNA (data not shown). The initial northerns contained
samples of CTLL-2 and human PBMC total RNA and were probed with either the murine
2B4 cDNA (Figure 9A) or the human genbmic fragment (Figure 9C).

Following isolation of the human 2B4 cDNA, additional northern analysis was
conducted. The first membrane (Figure 13A) consisted of total RNA from a T cell and
NK cell line (Jurkat and YT, respectively). Additionally samples from a LAK culture and
a CD56 subtracted LAK culture were included. The cell sorting was accomplished with
Dynal anti-CD56 paramagnetic beads using the manufacturer’s protocol. The second
membrane (Figure 13B) was purchased from Clontech (Palo Alto, CA) and contained
equal amounts of mRNA samples from human spleen, lymph node, thymus, peripheral
blood leukocytes, bone marrow and fetal liver (Human Immune System Multiple Tissue
Northern Blot II). It was hybridized per the manufacturer’s directions with the included

ExpressHyb Hybridization solution at 65° C. Blots were exposed to Hyperfilm
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(Amersham, Arlington Heights, IL) for two weeks. Subsequently, the membrane was
stripped and reprobed with a 2 kb -actin probe provided by Clontech to ensure equal
loading of the mRNA samples.

Genomic DNA was isolated from mouse and human liver by a standard protocol
(Sambrook, Fritch and Maniatis, 1989). A Soufhem blot for cloning was performed with
genomic DNA from human and mouse hybridized to the murine cDNA (Figure 9B).
Additional DNA blot analysis to characterize the human gene consisted of human
genomic DNA samples (20 pg each) digested with various restriction enzymes (BamH I,
EcoR I, Hind III, and Xba I) and separated on 0.8% agarose gel by electrophoresis. The
DNA was transferred to Hybond nylon membrane under alkaline condition (0.4 N NaOH)
and fixed by UV cross linking. The membrane was prehybridized for 2 hours at 65° C in
prehybridization buffer (1 mM EDTA, 0.5 M sodium phosphate, pH 7.2, 7% SDS, 100
pg/ml ssDNA). The probe (50 ng of the full length cDNA labeled with o’P dCTP) was
added to the same buffer and hybridizations continued for 12 to 18 hr at 65° C: The
membrane was washed with a buffer containing 40 mM sodium phosphate, pH 7.2, 1%
SDS at 65° C for 1 hr. The filter was exposed to Hyperfilm for one day (Amersham,

Arlington Heights, IL) and developed (Figure 12).

Genomic clone isolation
A human genomic library purchased from Stratagene (La Jolla, CA) was screened
to isolate exonic DNA sequences that could act as better probes than the murine cDNA of

2B4. Approximately 5x10° clones were screened by plaque lift with Hybond nylon
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membrane (Amersham, Arlington Heights, IL). The murine cDNA (25 ng) was labeled
with o”P dCTP by random priming method of Feinberg and Vogelstein (Feinberg and
Vogelstein, 1983) using the mega-prime labeling kit (Amersham, Arlington Heights, IL).
Hybridization was performed per the instructions of the manufacturer for the Hybond
nylon membrane at 65° C. Phage DNA was isolated from individual clones by a method
recently described by Lee and Clark (Lee and Clark, 1997a) and sequenced through the
services of the Automated Sequencing Facility, Dept. of Pathology, UT Southwestern
Medical Center, Dallas. Sequence data was analyzed with various programs in the GCG
package (Genetic Computer Group, Wisconsin). The clones were identical containing
approximately 20 kb inserts. One ug of insert was digested with either BamH I or EcoR I
(Figure 10A). The murine cDNA (25 ng, o.P labeled) hybridized to only one 1.6 kb band
in the EcoR I digest in a Southern blot (Fiéure 10B). A similar digest and gel were run
and the same band was cloned into the sequencing vector pGemscript I . Sequence
analysis revealed a 180 bp region with 70% similarity to a murine cDNA region
corresponding to the cytoplasmic tail of murine 2B4. PCR primers (EF1, 5’-
AAGAGTCAACCTAAAGCCCAGAA-3’; ER1, 5’-
TATAGAGACTCCTGTGCCGTCAT -3’) were designed to amplify the 180 bp
fragment. Cycle conditions were 94° C for 30 seconds, 50° C annealing temperature for 30
seconds, and a 72° C extension for 45 seconds repeated for 30 cycles using Tag DNA

polymerase from GIBCO BRL (Grand Island, NY).
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cDNA library screening

A human NK cell cDNA library constructed by Dr. J. Houchins (R & D Systems,
Minneapolis, MN and kindly provide by Dr. A. Brooks, NIH) was screened using the 180
bp genomic fragment labeled with o’P. Approximately 5x10° clones were screened for
three rounds and positive phage DNA was isolated (Lee and Clark, 1997a). All clones
were sequenced by automated sequencing (Automated Sequencing Facility, UT
Southwestern Medical Center, Dallas). One full length clone was identified for further
study. The cDNA insert from the phage was PCR amplified using SP6 and T7 primer
sites located on the pGEM vector. PCR products were cloned into the pCR2.1 vector with

the TA cloning kit (Invitrogen, Carlsbad, CA). All clones were completély sequenced.

Assay for lytic activity

Activated human NK cells were tested for the ability to lyse K562, P815, and 221
target cells in a 4 hour *'Cr release assay as described previously (Tutt et al., 1\986). The
effector cells were incubated for 30 minutes with a control or specific Ab in 96 well,
round bottom plates prior to the addition of *'Cr labeled target cells. A mAb generated
against human 2B4 was added as a specific Ab. Plates were subsequently incubated at 37°
C for four hours. The plates were spun at 250 x g for 7 minutes to pellet the cells and 100
ul of the supernatant was removed and counted by scintillation counting. Percent
cytotoxicity was calculated as follows: 100 x (experimental release — spontaneous
release) / (maximum release — spontaneous release). Spontaneous release was the

measure of radioactivity in the supernatant from target cells without effector cells.

50



Maximum release was calculated in a similar fashion except the target cells were fully

lysed by the addition of 1% NP-40 detergent.

Results

Isolation and partial characterization of a human 2B4 genomic clone

Previous data demonstrated that full length mouse cDNA hybridized to human
genomic DNA (Mathew et al., 1993). However, the mouse cDNA did not hybridize to
human total RNA from NK cells. This could be due to low expression level of the 2B4
transcript. Therefore, I decided to isolate human exonic fragments for use as high
specificity probes. Towards this goal, I screened a human genomic library (Stratagene, La
Jolla, CA) and isolated three identical 20 kb clones. In order to identify an exonic region
of the genomic clones, I digested them with EcoR I and hybridized with the mouse cDNA
(Figure 10A). A 1.6 kb restriction fragment hybridized to the mouse cDNA (Figure 10B)
and was isolated and the complete nucleotide sequence was determined. Comp\arison of
the sequence with mouse cDNA revealed a 180 bp region with 70% similarity to the
cytoplasmic tail of murine 2B4 long form (Mathew et al., 1993). This region was PCR
amplified for use as a human 2B4 specific probe. Isolation and sequence analysis of a
human 2B4 cDNA clone

The genomic fragment of human 2B4 was used to screen a cDNA library
constructed by J. Houchins (R & D Biosystems, Minneapolis, MN) and kindly provided
by A. Brooks (NIH, Bethesda, MD). Four positive clones were isolated. Sequence
analysis showed that three of the clones were partial whereas one clone (Ah2B4.19al)

was full length. This clone contained a cDNA insert of 1464 bp with an open reading
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frame encoding a polypeptide of 365 amino acid residues (Figure 11A). The predicted
protein sequence has a leader sequence of 18 amino acids and a single transmembrane
domain of 24 amino acid residues (Figure 11A and B). Additionally, it has an
extracellular domain of 204 amino acid residues which contains eight putative N-linked
glycosylation sites. The cytoplasmic tail is 120 amino acids long with six tyrosine
residues. The human receptor has a 33 amino acid deletion between the first and second
tyrosines proximal to the membrane as compared to the murine 2B4 long form.

The predicted protein sequence showed 70% similarity to the long form of murine
2B4 and 61% to the short form. Additionally, it has 48, 45, and 43% similarity to human
CD84, SLAM, and CD48, respectively (Figure 12). The two Ig-like domains are
conserved between these receptors in addition to several tyrosine containing motifs that

may function in signaling.
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Figure 11. Nucleotide sequence of h2B4 cDNA and the predicted amino acid sequence.
A, The nucleotide sequence and predicted translation of human 2B4 (Genbank accession
AF107761). The signal peptide is underlined. The transmembrane domain is double
underlined. Glycosylation sites in the extracellular domain are boxed. Tyrosine
containing motifs in the intracellular domain are shaded. B, Hydrophilicity plot of the
human 2B4 putative peptide sequence determined by the Kyte-Doolittle method. This
figure was reproduced from Kent S. Boles, Marco Colonna, Hideo Nakajima, Samuel S.
Chuang, Susan E. Stepp, Michael Bennett, Vinay Kumar, and Porunelloor A. I\;Iathew.
1999. Molecular characterization of a novel human natural killer cell receptor

homologous to mouse 2B4. Tissue Antigens 54: 27-34 with permission.
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Figure 12. Alignment of amino acid sequences of human 2B4 and other CD2 subfamily
receptors. Conserved residues are shaded. A, Alignment of the extracellular domains.
Glycosylation sites in the extracellular domain are boxed. B, Alignment of the
transmembrane domains for members that possess them. C, Alignment of the intracellular
domains. Tyrosine containing motifs in the intracellular domain are boxed. The amino
acid comparison was compiled by using thé PILEUP program in the Genetics Computer
Group software. This figure was reproduced from Kent S. Boles, Marco Colonna, Hideo
Nakajima, Samuel S. Chuang, Susan E. Stepp, Michael Bennett, Vinay Kumar: and
Porunelloor A. Mathew. 1999. Molecular characterization of a novel human natural killer

cell receptor homologous to mouse 2B4. Tissue Antigens 54: 27-34 with permission.
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Expression of human 2B4 in different tissues and cells

The expression of 2B4 transcripts in various cell lines and different human tissues
was analyzed by Northern blot of total RNA or poly(A)" RNA. The full length cDNA
hybridizes to transcripts of 3 kb and 5 kb in total RNA from T (Jurkat) and NK (YT)
human cell lines (Figure 13A). Additionally, LAK cultures from one healthy donor also
expressed transcripts of 3 kb and 5 kb. However, mRNA from human peripheral blood
leukocytes, spleen, and lymph node expressed only the 3 kb transcript (Figure 13B).
Bone marrow and fetal liver tissues expressed very low levels of transcript that were

below the detection level of Northern blot analysis.

Southern analysis of human genomic DNA

Southern blot analysis of human génomic DNA digested with different restriction
enzymes (BamH I, EcoR I, Hind III, and Xba I) hybridized to several restriction
fragments when probed with a full length cDNA probe (Figure 14). The recent
characterization of a mouse 2B4 full length genomic clone showed that the gene is about
27 kb and has nine exons (Stepp et al., 1999b). The sizes of different restriction fragments
identified in Figure 14 sum to a gene of about 25 kb in humans. The genomic Southern
pattern is similar to the murine gene pattern indicating that there is only a single gene in

both mice and humans.
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Figure 13. RNA blot analysis of 2B4 transcripts hybridized with a 32P labeled full length
2B4 probe. A, Total RNA (20 pg) isolated from the YT and Jurkat cell lines in addition to
LAK cell cultures (CD56+ and CD56-) from a healthy donor were electrophoresed in
formaldehyde agarose gel, blotted and probed. The position of 28S and 18S rRNA are
shown at the left of the panel. B, Northern blot of poly(A)+ RNA from spleen, lymph
node, thymus, peripheral blood leukocyte, bone marrow, and fetal liver. The sizes of

- RNA molecular standards are shown at the left of the panel. The panel at the bottom
represent s the northern blot stripped and reprobed for f3-actin. This figure was
reproduced from Kent S. Boles, Marco Colonna, Hideo Nakajima, Samuel S. éhuang,
Susan E. Stepp, Michael Bennett, Vinay Kumar, and Porunelloor A. Mathew. 1999.
Molecular characterization of a novel human natural killer cell receptor homologous to

mouse 2B4. Tissue Antigens 54: 27-34 with permission.
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Figure 14. Genomic DNA blot analysis of human 2B4. Human genomic DNA (20 pg)
from liver were digested with the restriction enzymes BamH I, EcoR I, Hind III, and Xba
I, electrophoresed in 0.8% agarose, blotted, and hybridized with a 32P labeled, full length
2B4 cDNA probe. Sizes of DNA standards are shown at the left. This figure was
reproduced from Kent S. Boles, Marco Coionna, Hideo Nakajima, Samuel S. Chuang,
Susan E. Stepp, Michael Bennett, Vinay Kumar, and Porunelloor A. Mathew. 1999.
Molecular characterization of a novel human natural killer cell receptor homol(;gous to

mouse 2B4. Tissue Antigens 54: 27-34 with permission.



& h O
|

61

e



2B4 gene characterization

The murine 2B4 gene consists of at least 9 exons with one exon dedicated to the
leader sequence, V-like, C2-like, and transmembrane domains, each (Figure 15). The first
intron is rather large at approximately 16 kb giving rise to a total gene size of about 27
kb. Variable exon usage gives rise to the two forms of 2B4 in the mouse (Stepp et al.,
1999b). 4 exons encode the 2B4-L form’s cytoplasmic domain, giving rise to 4 tyrosine
motifs. 2B4-S is identical to the 5' end of 2B4-L, differing only at the 3' end in a portion
of the cytoplasmic domain and the 3' untranslated sequence. 2B4-S is the product of the
same first 5 exons in 2B4-L with the usage of a novel exon at the C-terminal.

The human 2B4 gene structure can be extrapolated from a contiguous gene
sequence produced by the human genome project (Genbank accession number
AL121958). It is 29 kb in length as comparéd to the mouse gene of approximately 27 kb.
Additionally, the gene can be localized to long arm of chromosome 1 at approximately
1q23. Based on sequence comparison, the human 2B4 cDNA was homologous t\o the
m2B4-L form. Subsequent to the isolation of the human 2B4 homologue, an additional
isoform of the 2B4 receptor has been identified a second transcript (h2B4-B) with an
additional 15 nucleotides inserted at the junction between the V-like and C2-like domains
(Figure 15). Otherwise, the transcript was identical to the previously reported clone

(Kumaresan and Mathew, 2000).
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Figure 15. Schematic representation of the genomic organization of the exons and introns
for murine 2B4 and human 2B4 genes. Exons are represented by rectangles. Protein
domains of the splice variants are indicated by L, V, C2, TM, and Cyto and refer to leader
sequence, Ig V-like domain, Ig C2-like dorhain, transmembrane domain, and cytoplasmic
domain, respectively. Y1-Y4 represents tyrosine containing motifs and the proline added

to the human 2B4-B form is shown by a P.
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Characterization of the human 2B4 gene revealed a similar structure to the mouse
gene (Figure 15). The human 2B4 gene contains nine exons, the first four exons encode
the leader sequence, V-like, C2-like, and transmembrane domains and the remaining five
exons encode the cytoplasmic domain. Furthermore, the first intron is also very large at
approximately 17 kb. The difference between h2B4-A and h2B4-B arises from
differential splicing of exon 3. Exon 3 contains an internal splice site and the first 15
nucleotides of exon 3 are spliced out of h2B4-A. h2B4-B contains the 15 nucleotides
which results in the additional 5 amino acids, including a proline residue. The difference
in the extracellular domains of these two receptors might mediate differential ligand
interaction or affinity. Because the intracellular domains are identical, they most likely

deliver similar signals.

Assay for lytic activity

In order to determine the functional role of 2B4 in the killing of targets l;y NK
cells, Samuel Chang and I determined the lytic activity of activated human NK cells
against various target cells using a standard chromium release assay in the presence of a
mADb that recognizes human 2B4 (Figure 16). The lytic activity of human polyclonal NK
cells was augmented in the presence of anti-2B4 mAb against P815, K562, as well as
721.221 target cells compared with a control human IgG. Because 721.221 is MHC class
I deficient, activation of human NK cytolytic activity via 2B4 is independent of the
expression of class I molecules on target cells. This suggests that 2B4 can transduce

activation signals to human NK cells.
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Figure 16. Cytolytic activity of human polyclonal NK cells against various targets in
presence of anti-2B4 mAb. Cytotoxicity was determined in a standard 4 hr 51Cr release
assay. The figure depicts a representation of several independent trials. This figure was
reproduced from Kent S. Boles, Marco Colonna, Hideo Nakajima, Samuel S. Chuang,
Susan E. Stepp, Michael Bennett, Vinay Kumar, and Porunelloor A. Mathew. 1999.
Molecular characterization of a novel human natural killer cell receptor homologous to

\

mouse 2B4. Tissue Antigens 54: 27-34 with permission.
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CHAPTER 4
IDENTIFICATION OF AN ADDITIONAL MEMBER OF THE CD2 SUBSET

CONTAINING THE NOVEL 2B4 TYROSINE MOTIF

Introduction

Natural killer (NK) cells constitute the third major population of lymphocytes.
They are capable of lysing target cells in addition to regulating both innate and adaptive
immune responses (Trincheri, 1989; (Lanier, 2000). The activation of NK cells is the sum
of receptor signaling from both inhibitory and stimulatory receptors (Lanier, 2000);
Tomasello et al 2000a). NK receptors are often arranged in gene clusters due to gene
duplication. These families include members that are either activating or inhibitory.
These signaling differences arise from variance within the transmembrane and
cytoplasmic domains. A common denominator of inhibitory receptors within these
families is the presence of immunoreceptor tyrosine-based inhibitory motifs (ITIM) in
their cytoplasmic tails with the consensus sequence of I/V/L/SxYxxL/V (Long, 1999).
The inhibitory signaling is mediated by binding of the protein tyrosine phosphatases
SHP-1, SHP-2, and SHIP to the phosphorylated tyrosines. Activating receptors within
these families lack the ITIM motif and have charged residues within their transmembrane
domains that allow association with adaptor molecules such as FceRIy (Tomasello et al.,

2000a; Weiss and Littman, 1994) or TYROBP (formerly known as DAP12; Paloneva et
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al., 2000). These adapters contain an immunoreceptor tyrosine-based activation motif
(ITAM) and consequently transduces stimulatory signals via association with Src family
kinases (Gaul et al., 2000; Visco et al., 2000). The consensus sequence for the ITAM is
I/VxYxxL/Vx,, I/VxYxxL/V (Tomasello et al., 2000a; Weiss and Littman, 1994).
Members of the CD2 subset of the immunoglobulin (Ig) superfamily of cell
surface receptors, most notably, 2B4 and SLAM (CDw150), are expressed on
lymphocytes and involved in cellular activation such as lymphoproliferation, cytokine
production, cytotoxicity, and invasiveness (Aversa et al., 1997a; Aversa et al., 1997b;
Boles et al., 1999b; Chuang et al., 2000; Mathew et al., 1993; Punnonen et al., 1997,
Wang et al., 2000). These receptors have novel tyrosine containing motifs in their
cytoplasmic domains (TxYxxI/V/A) (Figure 17) (Boles et al., 1999b; Cocks et al., 1995).
CD84, another member of the CD2 subset, also contains the consensus tyrosine motif, but
its function remains to be determined (de la Fuente et al., 1997). Unlike many NK cell
receptors that bind MHC class I molecules as their ligands (Tomasello et al., 2060a), CD2
subfamily members bind homophilically to members of the CD2 subfamily (Davis et al.,
1998). CD2 binds CD58 and CD48 in the human and CD48 in the rodent (Arulanandam
et al., 1993; Kato et al., 1992; Sandrin et al., 1993; van der Merwe et al., 1994; van der
Merwe et al., 1993). Additionally, SLAM is a self ligand leading to activation of
lymphocytes (T and B cells) (Punnonen et al., 1997). CD48 is a high affinity ligand for
2B4 (Brown et al., 1998; Latchman, McKay and Reiser, 1998).CD48 is widely expressed

in leukocytes and its soluble form is detectable in the blood (Smith et al., 1997).
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Figure 17. Members éf the CD2 subset of receptors. The subset members have an N-
terminal domain which is extracellular. Some of the receptors are GPI-linked to the
surface membrane, which is indicated by an arrow. Putative N-linked glycosylation sites
in the extracellular domains are indicated . Y1-Y4 represents tyrosine containing motifs

shown in the intracellular domains.
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The novel tyrosine motifs in SLAM and 2B4 have both been shown to interact
with the src homology 2 (SH2) domain of the SLAM associated protein (SAP) and it may
regulate their signaling (Sayos et al., 1998; Tangye et al., 1999). Mutations in the SH2
domain of SAP have been identified as the genetic basis for X-linked lymphoproliferative
disease (XLP) (Coffey et al., 1998; Nichols et al., 1998; Sayos et al., 1998). Recently,
Parolini et al. reported that the 2B4 receptor transduces inhibitory signals in XLP patients
when stimulated by CD48 positive B cells (Parolini et al., 2000). Taken together, these
data suggest that the cause of XLP is complex and probably due to dysregulation of
phosphorylation dependent interactions at multiple sites, including receptors and
cytoplasmic adaptor molecules. In addition to signaling via 2B4 and SLAM, other
receptors that contain the unique tyrosine motif might also contribute to the immune
dysregulation seen in XLP.

The genes that encode the CD2 family of receptors are located on human
chromosome 1 in two complexes. 2B4, SLAM, CD48, Ly9 and CD84 are locatec\l on the
long arm of the chromosome at 1q21-24 (Aversa et al., 1997a; Boles and Mathew, 2001;
de la Fuente et al., 1997; Kingsmore et al., 1995; Sandrin et al., 1996; Staunton et al.,
1989; Tangye et al., 1999). The murine genes for 2B4, CD48, Ly9, Ly108 and CD84 are
located on the syntenic region of the long arm of chromosome 1, as well (de la Fuente et
al., 1999; Kingsmore et al., 1995; Kubota et al., 1999). The genes for CD2 and CD58 are
located on the short arm of human chromosome 1 at 1p13 (Clayton et al., 1988; Davis et
al., 1998; Sewell et al., 1988) and the murine CD2 gene is located on chromosome 3

(Clayton et al., 1988).
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Methods

EST database searcﬁ and cDNA library screening
The EST (expressed sequence tag) database at Genbank

(http://www.ncbi.nlm.nih.gov) was searched with the TblastN program versus a
consensus sequence of human the CD2 subset of receptors. Several overlapping clones
were identified and oligonucleotide primers (CS1 F1, 5’-cctcccatggtectectgtg-3’, CS1 R1,
5’-gagacttaggggagtgcactgetg-3’) were designed to amplify a 363 bp fragment within the
cytoplasmic tail. cDNA from a NK cell library constructed in A phage by Dr. J. Houchins
(R & D Systems, Minneapolis, MN and kindly provided by Dr. A. Brooks, NIH,
Bethesda, MD) was successfully used as template. PCR cycle conditions were 94° C for
30 seconds, 50° C annealing temperature for 30 seconds, and a 72° C extension for 45
seconds repeated for 30 cycles using Tag DNA polymerase from GIBCO BRL (Grand
Island, NY) at 2 mM MgCl,. The same library was then screened with the resulting PCR
fragment labeled with a-”P dCTP (Feinberg and Vogelstein, 1983; Sambrook, Fritch and
Maniatis, 1989). Approximately, 5x10° clones were screened. After three rounds of
screening, phage DNA was isolated from positive clones by the method of Lee et al. (Lee
and Clark, 1997a). All positively selected clones were sequenced (Automated sequencing
facility, Department of Pathology, UT Southwestern Medical Center, Dallas) and
analyzed (Genetics Computer Group, Wisconsin package). One clone (C9C1A), which

contained an open reading frame, was identified for further study. The transcript was
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named CS1 (CD2 subset 1) due to its similarity to other members of the CD2 subset of

receptors.

Cell culture

Human tumor cell lines Jurkat (T cell), YT (NK cell), HL-60 (monocytic), and
DB (B cell), in addition to a murine lymphoma cell line (YAC-1), were cultured in RPMI
1640 supplemented with 10% FCS (Hyclone, Logan, UT), 2 mM L-glutamine, 100 U/ml
of penicillin and streptomycin, 1 mM sodium pyruvate, and 0.1 mM non-essential amino
acids (Gibco BRL, Grand Island, NY). All cell lines were grown to one million per ml
and split 1:2 twenty-four hours before RNA isolation. PBMC were isolated from 60 ml of
venous blood from a healthy donor by Ficol-Paque centrifugation (Pharmacia,

Piscataway, NJ).

RNA and DNA blot analysis

Total RNA was isolated with the RNAstat 60 reagent according to the
manufacturer’s protocol (Teltest Inc., Friendswood, TX), divided into 20 ug aliquots, and
stored in 70% EtOH at -80° C until used. 1% agarose gels for Northern analysis were
stained with Ethidium bromide after electrophoresis to insure equal loading by
comparison of rRNA. Northern blots were probed with 25 ng of the full length cDNA
labeled with o”P dCTP (Feinberg and Vogelstein, 1983; Sambrook, Fritch and Maniatis,
1989). The first blot consisted of 20 ug of total RNA from human monocytic, T, B, and

NK cell lines (HL-60, Jurkat, DB, and YT, respectively), a mouse cell line (YAC-1), and
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PBMC cells from a healthy donor immobilized on Hybond nylon (Amersham, Arlington
Heights, IL). Prehybridization and hybridizations were performed according to
instructions of Amersham for the Hybond nylon membrane at 65° C. The second
membrane was purchased from Clontech (Palo Alto, CA) and contained mRNA samples
from human spleen, lymph node, thymus, peripheral blood leukocytes, bone marrow and
fetal liver (Human Immune System Multiple Tissue Northern Blot II). It was hybridized
per the manufacturer’s directions with the included ExpressHyb Hybridization solution at
65° C. Blots were exposed to Hyperfilm (Amersham, Arlington Heights, IL). The
membranes were subsequently stripped and reprobed for f actin in insure equal loading.
Genomic DNA was isolated from human liver as per standard protocol
(Sambrook, Fritch and Maniatis, 1989). For DNA blot analysis, human genomic DNA
samples (20 ug each) were digested with various restriction enzymes (BamH I, EcoR I,
Hind I1I, and Xba I) and separated on 0.8% agarose gel by electrophoresis. The DNA was
transferred to Hybond nylon membrane under alkaline condition (0.4N NaOH) ;md fixed
by UV cross linking. The membrane was prehybridized for 2 hours at 65°C in
hybridization buffer (1 mM EDTA, 0.5 M sodium phosphate, pH 7.2, 7% SDS, 100
mg/ml ssDNA). The probe (50 ng of the full length cDNA labeled with P dCTP) was
added to the same buffer and hybridizations continued for 18 hr at 65° C (Feinberg and
Vogelstein, 1983; Sambrook, Fritch and Maniatis, 1989). The membrane was washed
with a buffer containing 40 mM sodium phosphate, pH 7.2, 1% SDS at 65° C for 1 hr.
The filter was exposed to Hyperfilm for one day (Amersham, Arlington Heights, IL) and

developed.
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CS1-FLAG construct production

A FLAG epitope was introduced into the N-terminal of the CS1 receptor to allow
antibody cross-linking of the receptor on the cell surface. PCR primers were used to
amplify the cDNA without the leader sequence and the product was cloned into the
pFLAG-CMV3 expression vector with contains a leader sequence (trypsin) and a FLAG
epitope under the expression of a CMV promoter (Figure 24A). The primers were CS1
EcoR F1 5°- ATT TGA ATT CTT TCT GAA GAG AGA GAG AC-3’ and CS1 Xba R1
5’-TTG ACT CGA GAC TTA GGG GAG TGC ACT GC-3’. The CS1 cDNA fragment
was cloned in frame into the expression vector with EcoR I and Xba I sites that were
introduced via the PCR primers. The constructs were prepared by CsCl centrifugation and
linearized with the Pvu I restriction endonuclease. Subsequently, they were transfected
into either BW or YT cells with the DMRIE-C lipid reagent (Gibco Life Technologies).
Clones were selected for three weeks under the selection of geneticin (Sigma) a; 500 pg /
ml. Flow cytometry was used to confirm surface expression (Figure 24C) and clones were

selected for further analysis.

Assay for lytic activity

The human NK cell line YT alone or expressing the CS1-FLAG construct was
tested for the ability to lyse K562 and P815 target cells in a 4 hour *'Cr release assay as
described previously (Tutt et al., 1986). The effector cells were incubated for 30 minutes

with a control or specific antibodies in 96 well, round bottom plates prior to the addition
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of *'Cr labeled target cells. A FLAG monoclonal antibody added as a specific Ab. Plates
were subsequently incubated at 37° C for four hours. The plates were spun at 250 x g for
7 minutes to pellet the cells and 100 pl of the supernatant was removed and counted by

scintillation counting. Percent cytotoxicity was calculated as described (Tutt et al., 1986).

Interferon y release assay

YT or YT expressing the CS1-FLAG construct were incubated in the presence of
K562. One half million YT and K562 each were combined into a volume of 1 ml. Control
antibody (HA), FLAG, or C1.7 antibodies were added at 200 ng/ml and incubated for 18
hours at 37° C. 100 ml of the supernatant of each well was removed and tested for IFN-y

by ELISA (Amersham, UK). All conditions were repeated in triplicate.

Results

Isolation and sequence analysis of the CS1 cDNA clone

The regulation of the immune response in addition to the pathogenesis of diseases
such as XLLP might include additional receptors of the CD2 subset containing the unique
tyrosine motif TxYxxI/V/A. In order to identify any novel molecules that contain the
unique tyrosine motif, I searched the EST database with a sequences of 2B4, SLAM, and
CD84 cytoplasmic domains. Several overlapping clones were identified. I designed
oligonucleotide primers based on the identified sequences and PCR amplified a 363 bp
fragment that encompasses the novel tyrosine motifs. cDNA isolated from a human NK

cell library (constructed by Dr. J. Houchins, R & D Systems, Minneapolis, MN and
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kindly provided by Dr. A. Brooks, NIH, Bethesda, MD) was used as the template. In
order to isolate a full length clone , I screened the same library with the 363 bp PCR
product labeled with o-"P dCTP. A positive clone (C9C1A) was selected for further
analysis. It contained a cDNA insert of 1083 bp with an open reading frame encoding a
polypeptide of 335 amino acid residues (Genbank accession number AF291815, Figure
18A). The predicted protein sequence had a single transmembrane domain of 25 amino
acid residues (Figure 18B) and an intracellular domain of 85 amino acid residues.
Additionally, it had an extracellular domain of 225 amino acid residues which contained
seven putative N-linked glycosylation sites The homology of the predicted protein
sequence of CS1 indicates that it is a member of the Ig superfamily. Furthermore it is a
new member of the CD2 subset of receptors. It has the highest similarities to CD84,
SLAM, and 2B4 with 47, 44, and 40% similarity, respectively (Figure 19). Alignment of
the CS1 putative protein indicates a similar structure with many conserved residues
compared to other CD2 subset receptors. The cytoplasmic region contains two of the
novel tyrosine motifs similar to those in 2B4 and SLAM. These are indicated by a
threonine residue in the —2 position relative to the tyrosine (TxYxxI/V). There is an
additional tyrosine containing motif near the C-terminal of the CS1 receptor. The -2

position of that motif is phenylalanine (FxYxxV) and thus do not belong to any known

consensus sequence motifs.
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Figure 18. Nucleotide sequence of CS1 cDNA and the predicted amino acid sequence. A,
The nucleotide sequence and the putative peptide of CS1 (Genbank accession
AF291815). The signal peptide is underlined. The transmembrane domain is double
underlined. Glycosylation sites in the extracellular domain are boxed. Tyrosine
containing motifs in the intracellular domain are shaded. B, Hydrophilicity plot of the
CS1 putative peptide sequence determined by the Kyte-Doolittle method. This figure was
reproduced from Kent S. Boles and Porunelloor A. Mathew. 2001. Molecular cloning of
CS1, a novel human NK cell receptor belonging to the CD2 subset of the

immunoglobulin superfamily. Immunogenetics 52: 302-307 with permission.
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Figure 19. Alignment of amino acid sequences of CS1 and related receptors in the CD2
subset. Residues identical to CS1 are shaded and glycosylation sites are boxed. A,
Alignment of the extracellular domains. B, Alignment of the transmembrane domains. C,
Alignment of the intracellular domains. The amino acid comparison was compiled by
using the PILEUP program in the Genetics Computer Group software. This figure was
reproduced from Kent S. Boles and Porunelloor A. Mathew. 2001. Molecular cloning of
CS1, a novel human NK cell receptor belonging to the CD2 subset of the

immunoglobulin superfamily. Immunogenetics 52: 302-307 with permission.
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Expression of CS1 in different tissues and cells

The expression of CS1 transcripts in various cell lines and different human tissues
was analyzed by northern blotting of total RNA or poly(A)" RNA. The full length cDNA
hybridized to a transcript of approximately 3 kb in total RNA from both a human NK cell
line (YT) and PBMC of a healthy donor (Figure 20A). Tissue distribution of CS1 showed
that human peripheral blood leukocytes, lymph node, and spleen expressed a transcript of
the same relative sizes (Figure 20B). Additionally, a weak signal was detected in the bone
marrow sample. The relative expression of the CS1 transcript in lymph node and spleen
suggests that it may be expressed in other lymphocyte populations. The relative

distribution and regulation of the transcript remains to be determined.

Southern analysis of genomic DNA and chromosomal localization of CS1

The genomic organization of both the mouse and human 2B4 genes have been
characterized (Kumaresan and Mathew, 2000; Stepp et al., 1999b) These genes; are
relatively large (~25 kb) and contain an exceptionally large first intron of 17 kb. Southern
analysis indicated that CSI gene is approximately 13 kb, which is much smaller than 2B4
(Figure 21). Briefly, genomic DNA was isolated from human liver and digested with four
different restriction enzymes (BamH 1, EcoR 1, Hind 111, and Xba I), separated on an
agarose gel and transferred to a nylon membrane. The full length CS1 cDNA hybridized

to several restriction fragments.
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Figure 20. RNA blot analysis of the CS1 transcript hybridized with 32P labeled, full
length CS1 cDNA. A, A membrane containing total RNA (20 pg) isolated from the YAC-
1, HL-60, DB, Jurkat, and YT tumor cell lines. Additionally, a sample was included from
the PBMC of a healthy donor. B, Northern blot of poly (A)+ RNA from spleen, lymph
node, thymus, peripheral blood leukocytes, bone marrow, and fetal liver tissues. The
membrane was a Human Immune System Multiple Tissue Northern Blot II purchased
from Clontech (Palo Alto, CA). Both membranes were stripped and hybridized with a f§-
actin probe. The position of the RNA molecular standards are shown in the center. This
figure was reproduced from Kent S. Boles and Porunelloor A. Mathew. 2001. Molecular
cloning of CS1, a novel human NK cell receptor belonging to the CD2 subset of the

immunoglobulin superfamily. Immunogenetics 52: 302-307 with permission.
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Figure 21. Genomic DNA blot analysis of CS1. Human genomic DNA (20 pg) from liver
were digested with the restriction enzymes BamH I, EcoR I, Hind III, and Xba I,
electrophoresed in 0.8% agarose, blotted, and hybridized with a 32P labeled, full length

CS1 cDNA probe. Sizes of DNA standards are shown at the left.
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A blast search using the CS1 cDNA versus the genomic databases at Genbank
identified a 196 kb contiguous sequence containing the CSI gene (Genbank accession
number AL121958). Analysis of the complete gene sequence available in the contiguous
sequence confirmed the size of CS1 and further revealed that the size discrepancy is due
to a smaller first intron of 8.7 kb in CSI gene compared with a 17 kb first intron in 2B4
gene (Figure 22). The CSI gene structure extrapolated from the contiguous sequence
reveals both the gene size and number of exons in CS/ are smaller than 2B4.
Additionally, CS1 follows the same general exon arrangement with 3 exons coding for
the extracellular domains, a single exon for the transmembrane domain, and only 3 exons
for the cytoplasmic domain. The alteration that produces the short variant of CS1 reported
by J. Murphy (19A24) is due to the elimination of exon 5 which leads to a frame shift
immediately after the transmembrane domain, despite the inclusion of exons 6 and 7.
Figure 22 demonstrates the exon usage for the various 2B4 and CS1 receptors.

Genes encoding members of the CD2 subset of receptors are located or; human
chromosome 1. CD2 and CDS58 genes are located on the short arm of human chromosome
1 at 1p13 (Clayton et al., 1988; Sewell et al., 1988). 2B4, CD48, CD84, SLAM and Ly-9
reside on the long arm at 1q23-24 (Aversa et al., 1997a; de <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>